The search for efficient materials for organic light emitting diodes is one of the most imperative research area. The focus is to obtain a bright large area emitter, limited by the low internal quantum efficiency of conventional organic emitters. Recently, a new generation of the organic materials (TADF) with a theoretical internal quantum efficiency up to 100%, opened new frameworks. However, significant challenges persist to achieve full understanding of the TADF mechanism and to improve the OLEDs stability. Starting from the photo-physical analysis, we show the relationship with the molecular electrical carrier dynamics and internal quantum efficiencies. The OLED structure, fabrication, and characterization are also discussed. Several examples for the full color emitters are given. Special emphasis on experimental results is made, showing the major milestones already achieved in this field.
Introduction
Since the first invention of the organic light emitting diodes (LEDs) in 1987 by Tang and Van Slyke [1] that represented an advancement in display and lightening technologies, Organic light-emitting diodes (OLEDs) have emerged as an extensive active field in the both scientific as well technological aspects. Organic light-emitting diodes (OLEDs) are cheap, flexible, and cheap like a movie projector screen. They have attracted considerable attention due to their promising applications in cheap, energy-saving, eco-friendly and solid-state lighting [2] [3] [4] .
The current research in OLEDs is emerging technology which is also a growing market and expected to cross 20 billion by 2030 [5] . OLEDs are used in several flat and roll displays, also in white EDs for the lightning. OLEDs give freedom of taking advantage of emission in different colors, color modulation (color coordinates, temperature and color renderingwhite lighting), diffused light-(light from flat panels (large area) and high viewing angle), Freedom design (thin, lightweight, flexible transparent-easy incorporation into 3D surfaces), etc. Along with these characteristics, there is some difficulty in getting a large homogeneous emitter area, where the organic materials rapidly degrade in the presence of oxygen and/or humidity. Although solved with rigid OLEDs, flexible ones have low lifetime (no efficient encapsulation system has been developed). The main principle behind OLED technology is electroluminescence and such devices offer brighter, thinner, high contrast, and flexibility.
In the conventional OLEDs, the materials used are π-electron-rich molecules, which helps in the fast charge transfer at the interface. But in these OLEDs, the internal quantum efficiency (IQE) is lower which results to the lower external quantum efficiency (EQE) of 5% and limits the OLEDs development because of the nonradiative triplet exciton non-harnessing. Usually, materials used for OLEDs are phosphorescent emitters such as iridium [6] [7] [8] or platinum complexes [9, 10] that are used to achieve the electroluminescence efficiency. In such systems, both 25% singlet excitons and 75% triplet excitons can be used for harnessing the electroluminescence. In phosphorescent OLEDs, the internal quantum efficiency was reported close to 100% [11] [12] [13] [14] [15] [16] , but the disadvantage in such phosphorescent material is their high cost and poor stability. Along with phosphorescent material harnessing phosphorescence [7, 17] , triplet-triplet annihilation [18] were also used. Therefore, to achieve 100% low-cost IQE, the development of an alternative to harvest the 75% triplet exciton is important for the future of OLEDs. In this context, response to this need, the development of the thermally activated delayed fluorescence (TADF) materials with the most promising exciton harvesting mechanism used in OLED devices, which was firstly reported by Adachi et al. in [19] received tremendous attention, and in recent years, considerable efforts have been devoted towards the fabrication of OLEDs based on TADF materials where the IQE can be easily achieved up to 100% [20, 21] .
In this chapter, we summarize the fundamentals of thermally activated delayed fluorescence process, their optoelectronic behavior linking with the device performance and recent experimental studies of the introduction of TADF emitters used as the doping/guest material for OLED fabrication. Along with, a summary of the best TADF emitters used for fabrication of orangered, blue and green-yellow OLEDs is provided. In addition, a correlation is provided between the structure and doping percentage of TADF emitters and their optoelectronic properties.
Theory and concepts of thermally activated delayed fluorescence
The starting point to understand the TADF principle in organic luminescent materials is to consider the fundamental sp. orbitals hybridization. The carbon-carbon (C-C) conjugation, employing two 2 s-orbital electrons and two 2p-orbitals electrons, leads to the s and p orbitals mix, giving place to three sp. orbitals and one non-hybridized p orbital. The C-C Light-Emitting Diode -An Outlook On the Empirical Features and Its Recent Technological Advancementscovalent bond is made using two sp. orbitals, from each carbon atom, giving rise to a usually called π bond; the third makes a covalent bond around the inter-nuclear axis and is usually called as σ bond. This simplified framework can explain the major electro-optical behavior of organic compounds. Effectively, whereas the π bonds located above and below (respectively, π* -anti-bonding and π bond), originating an overlapping of the sp. orbitals in each side, the σ bond is a pure bond between two adjacent atoms. Besides the orbitals geometry, the electrical carriers are allowed to hopping among the ππ* cloud, in contrary to σ carriers that are confined. The ππ* cloud is the basic formation of the occupied and unoccupied energy levels and the further definition of HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) levels. The σ energy region is typically a forbidden gap. From this simple configuration, organic molecule energy levels are typically singlet (S) and triplet (T) with the ground state a singlet S 0 [22] . The excited levels comprise, therefore, several S n and T n energy states, although in a simple model we may consider the first S 1 and T 1 excited levels. Under excitation (electrical and/or optical), the electrons are promoted to these excited levels, one in S 1 and three in T 1 . This is the main drawback of pure organic compounds: the de-excitation towards the S 0 ground state can be evaluated by the transition probability that is given by 〈 ψ 1 | r | ψ 0 〉 where Ψ 1 , Ψ 0 an r are the wave-functions of the excited level and of the fundamental one, and r the electrical dipole quantum operator. By spin multiplicity rules, the T 1 → S 0 transition is strictly forbidden and 75% of excited electrons can only relax by the nonradiative process, remaining only 25% of excited carriers available for the radiative (luminescent) transition S 1 → S 0 (spin allowed). This means that the maximum internal efficiency of a pure organic luminescent material is only 25%. Overcoming this constraint is an absolute priority for achieving highly efficient organic electroluminescent devices. Besides the wellknown transition metals organic-inorganic complexes [22] that promote a strong spin-orbit coupling (SOC) with further enhanced phosphorescence, several other paths have been considered. The most promising, and subject of this chapter, is the TADF materials.
The analysis of this process can be based on the exciton formation (electron-hole pair) in a conjugated organic material. An electronic charge can be transferred between both entities in a two molecules system (or also in different parts of the same molecule). This process is called of charge-transfer (donor-acceptor complex) leading origin to the CT energy levels. The primary effect of these levels is to provide an electrostatic attraction, stabilizing the molecule. But, interestingly, this CT state is spin selective and is supposed to be able to change the triplet / singlet balance, allowing a conversion of triplet excitons to singlet ones. Although being still an unclear mechanism, was the fundamental starting point to the TADF materials. The Figure 1 shows, in a simple scheme, the fundamental process involved in the excitation / deexcitation of an organic molecule.
An efficient TADF emission needs to enhance the transition probability k rISC (T 1 → S 1 ) relatively to the K nrP transition T 1 → S 0 . Moreover, the TADF efficiency is directly related with the rISC transition probability, that, in turns, depends on the energy difference between the S 1 and T 1 states, ΔE ST according to the following simple equation [23] : where k B is the Boltzmann constant, T the temperature and A the pre-exponential factor. The value of ΔE ST , naturally depends on the typical energy arising from the electrostatic interactions among the molecular orbitals. Particularly important, we need to consider the oneelectron orbital energy in excited state (E) (supposing a fixed nuclear model), the typical electron repulsion energy (K) and the exchange energy (J) resulting from electron-electron repulsion based on the Pauli exclusion principle, affecting two excited unpaired electrons (one in LUMO and another one in HOMO levels) [24] . As the singlet and triplet excited states have a different spin ordering, the J value is usually higher in S 1 state and lower (in the same amount) in T 1 state [20] . With such consideration, the energy associated with the S 1 and T 1 states (respectively E S1 and E T1 ) and therefore the ΔE ST , can be easily established, by the following relationships:
The immediate conclusion is that the minimization of ΔE ST implies a lowest possible exchange energy. Remembering that the two unpaired electrons should be considered as distributed in the frontier orbitals of the LUMO and HOMO levels (T 1 or S 1 , excited states) resulting in pure LUMO-HOMO transitions, J can be given by [20] : [25] . In any case, we expect a strong CT character in the excited states.
The physical model to explain the rISC process is so far little understood. The first successful application [26] precisely focuses on the twisted D-A unities. In the first explanations, the CT states are used as a key to promoting the rISC process (singlet and triplet character, 1 CT and 3 CT). Following the known rules, the ISC (and therefore the rISC) process will be efficient under an occurrence of symmetry change of the excited states. This means in triplet/singlet systems, if a high value for k ISC and k rISC exist, T 1 and S 1 can be found in LE (local excited) and CT states respectively. However, we know that efficient TADF can occur even if such rule is not observed. Moreover, the excited states involved in TADF organic material, are typically a mixture of CT-LE states and not pure CT or LE states. Furthermore, extensive studies involving photoluminescence data reveal some discrepancies and new hypothesis involving also the LE states begin to be considered. In a general organic molecule (system), the excited states can be described in terms of their binding energy: the CT (low binding energies) and LE (strong binding energies). This LE has a very high radiative probability (with a strong emission) due to the high orbitals overlapping (the dipole electrical operator in the wave functions gives a high resulting probability). The rISC process model with only CT states starts to pose some problems with the discovery of SOC between such intramolecular states are zero [27] . Several hypotheses have been discussed and it was found that it is possible to tune independently two excited states involved in the rISC process [28] (for instance with different characters like LE state (very efficient) promotes the rISC finalization process. In this model, both SOC and vibronic coupling are involved. All these models are, in general, well supported by several experimental data but at this moment, and depending on the specific organic emitter studied, different pathways need to be considered, leading to several open questions. In any case, this topic remains heavily investigated. Particularly important in this model, is the ability to modulate the energy of the excited 1 CT state via the environment polarity [31] . In solution, the photophysics analysis can help in revealing the main process involved, in turn, dependent on the solvent polarity. On film (solid state), this possibility opens a wide range of choice for the organic host material in order to significantly improve the efficiency of an OLED based on a TADF material. In a simple scheme, we can, therefore, represent the excited state of the TADF molecule as shown in Figure 2 .
It must be noted that, according to this model, and following several experimental data (see [30] and references therein) the energy transfer SOC-ISC is more efficient in a D-A perpendicular geometry, in a transition nπ*-like. This is a consequence of the maximum change in the orbital angular momentum as the SOC depends on the spin magnetic quantum number of the electrons and simultaneously on its spatial angular momentum quantum number (the SOC operator is proportional to
. Following this two steps model, the probabilities of k rIC and k rISC can be written in terms of both physical process involved [31] : Figure 2 . A simple representation of a TADF emitter in excited state, following the model proposed in [30] . In (a) the SOC-ISC transition is enhanced by vibronic coupling between the with Z being the canonical partition function for vibrational motion in the initial electronic state. These terms are therefore the starting point for a more detailed description of the TADF process. Knowing these probabilities, that we can estimate, several possibilities to further tuning the TADF process is possible. Despite several well-founded hypothesis, the fully understand of TADF process in organic emitters, still remains under major studies.
Fundamental photophysics of an organic TADF emitter
The starting point for developing an efficient OLED using TADF emitter is based on the luminescence properties of the emitter itself. As an earlier point, the physical process involved are not really straightforward, but leaving aside the pure photophysics process studies, the important figures of merit regarding efficiency can be easily obtained.
From Figure 1 , we can formally consider two different kinds of radiative emissions arising in S 1 state: from its own electrons population (25% of excited ones) and from the population via r ISC process (the remaining 75% of excited electrons). In the first case, with a very high transition probability k F , we have a prompt fluorescence (PF) whereas in the second situation, depending on a lower k rISC probability, we have a delayed fluorescence (DF). A strong TADF emission is usually observed in molecules where the yield of triplet levels formation (by intersystem crossing), as well the singlet level formation (by reverse intersystem crossing) are high (particularly the last one as expected). In this condition, we must assume that the r ISC yield that is given by ϕ , meaning that all relaxation process from triplet excited state are much less probable that the r ISC (as expected). The emission from a TADF material is naturally the sum of the observed from the PF and DF and therefore its quantum yield is given by:
According [32] , if the ratio
PF is near (or above) four, the yield of the rISC process will be near 100%. In practice, most TADF materials where the value of ΔE ST is less than near 150 mV, such yield is obtained. In this situation, the triplet yield is relatively easy to obtain with precision, and is given by:
This relationship can be useful to determine the ratio of
PF that is a fundamental key for the material characterization. In simple but practical ways, two different approaches can be used for such determination. Both are related to the fact that almost know TADF materials exhibit very poor or none DF in the presence of oxygen. Thus, measuring the luminescence emission parameters under a normal or degassed environment, we can achieve either PF or PF + DF. Under steady state photo physics, the direct measurement of the luminescence spectra in both environment conditions will give only (with great certainty) the PF (normal environment) and PF + DF (degassed environment). The direct ratio of the integrated spectra (intensity) further gives a very precise value for ϕ DF ⁄ ϕ PF . Naturally this simple calculation is possible (quantum yield ratio from integrated intensity) because the intensity is proportional to the quantum yield and, in the case of TADF materials, the values of the proportionality constants for both emissions (DF and PF) are the same due to the fact that both arise from the same excited energy level [33] . The exact calculation is the performed considering the simple relationship is given by
. Figure 3 shows a simple example of this behavior.
By another hand, the higher transition probability associated with PF compared to the DF probability (that in a crude way depends on the rISC process probability) allows an experimental emission separation under the time-resolved photoluminescence (TRP). In a typical TADF material, the PF lifetime is in the order of dozens of ns whereas the DF lifetime falls into μs. Therefore, measuring both lifetimes, an estimative of the ϕ DF ⁄ ϕ PF can be done because the transition probabilities are related to the inverse of the lifetime. If we consider (and is a very good approach) that the emission follows a single exponential decay for both PF and DF, therefore the measured photoluminescence intensity under time can be simply given by the sum of the two single exponential decay expressions as follow: Figure 3 . Steady state photoluminescence spectra of 2PX-TAZ under normal (air) and degassed (vacuum) environments. The ratio of integrated spectrum in both situations allows a simple calculation of the DF/PF quantum yield. In this case, the ratio ϕ DF /ϕ PF is near 9. 
Light-
Finally, and by TRP is possible to estimate the transition probability of the rISC process.
Knowing the values for quantum yields and lifetime, an estimation for k rISC can be given by (and considering ϕ rISC ≈ 1)
Due to several different kinds of triplet harvesting in an organic molecule, sometimes is not simple to attribute an enhanced luminescence to a TADF process. For instance, triplet-triplet annihilation (TTA) is also a wide investigated process for emission efficiency improvement. Distinguish both process is important. Due to the competition between the triplet quenching and decay of triplet states, usually the DF from TTA is non-linear on excitation energy; on the contrary, and because TADF process is purely intramolecular, its DF must follow a linear relationship with excitation energy. Figure 4 shows an example of the 2PX-TAZ emitter. Besides the excitation energy dependence, the TADF emission is also strongly dependent on temperature. As the DF is thermally activated, we expect that its intensity decreases strongly with temperature and eventually vanishes at very low temperature. On the contrary, PF must be unaffected by thermal variations. This means that under TRP we must observe a decrease of the high lifetime emission as temperature decreases until remaining only the fast component.
The full understanding of the photo physics properties of the TADF emitter is naturally of extreme importance for further OLED development.
OLEDs based on TADF emitters
In the contest of finding best organic emitters for the lightening industry, in 2011 Adachi et al. [34] reported the very first purely organic TADF emitter PIC-TRZ ( Figure 5 ) which showed promising calculated PLQY in a host matrix of mCP and was 39% and the device showed 5.3% EQE. Since then, in the past 5 years, over 200 new compounds have been reported. Among various emitters, many of them showed EQE of more than 20% composed in a device and this can be reached up to 30% using stipulated device structure with an optimized concentration of TADF emitters and fabrication process [35] . There have been several reviews published focusing on photo physics, device characteristics of TADF and chemistry of TADF emitters [20, 23, 35] . Apart from the use of TADF molecules for OLEDs, there are some challenges must be taken for the development of TADF emitters such as these emitters are very limited and only few can be used for highly EQE and stable OLEDs, another is the lower maximum brightness and roll-offs at high brightness related triplet annihilation [20, 36] . These can be solved by understanding the structure-property relationship in emitters. In this chapter, we focused more on the photo physical relation of TADF emitter with device performance. In this section, we will describe different TADF emitters and their photo physics-device performance characteristics.
The application of TADF emitters is generally focused on OLEDs applications. As we have discussed in photo physics behavior of TADFs, it requires a solid host to disperse TADF emitters and this host material has a strong influence on the photo physical properties of these emitters [37] . To encounter this, the design and optimization of TADF emitter is a key factor for the fabrication of OLEDs, and this requires the photo physical characterization of TADF in the host molecule which used in the device. Some of the most used hosts are DPEPO, CBP, mCP, mCBP, TPBi, TCTA and TAPC. The OLEDs are usually fabricated by thermally vacuum deposition, but several reports have been focused on fabrication via spin coating solution processed methods which is more suitable for large area OLEDs.
Many groups reported various green TADF based on different donor and acceptor molecules, due to less space it is difficult to discuss all of them. Herein, we will discuss some of the TADF red, green and blue emitters based on their donor and acceptor groups, photo-physical characteristics, and device performance.
Red-orange TADFs
Herein, we present red-orange TADF emitters which exhibit an electroluminescence peak at wavelength (EL max ) > 580 nm. The first reported red TADF emitter, 4CzTPN-Ph ( Figure 5 In another study, Wang et al. [41] demonstrated the effect of the twist angle during the designing strategy of TADF emitters. This twist angle can be reduced by increasing the D-A distance which gives an orbital overlap to increase k t . They synthesized the first near-infrared (NIR) TADF emitter TPA-DCPP ( Figure 5) [43] reported dibenzeno-phenanzine acceptors based TADF emitters which showed a formation of exciplex when doped in m-MTDATA host and a strong NIR emission at 741 nm was observed with EQE of 5%, but no concluded evidence was provided in the work to support the TADF mechanism of this exciplex system.
Blue TADF emitters
In 2012, Adachi et al. reported the very first class of blue TADF emitter based on diphenylsulfone (DPS) as an acceptor [27] (see Figure 6 ).
To synthesize efficient blue TADF emitter and their use in the device, it is important to take account of the π-conjugation length and the redox potential of the donor and acceptor moieties and in DPS derivatives the advantage is that the oxygens of the sulfonyl group have significant electronegativity, which gives the sulfonyl group electron-withdrawing properties and sulfonyl group exhibit tetrahedral geometry which limit the conjugation [35] . The device fabricated with 10 wt% emitter showed good results, the device ITO/α-NPD/TCTA/ CzSi/10 wt% TADF emitter:DPEPO/ DPEPO/TPBI/LiF/Al and the EQE was 9.9%, the emitter incorporated in the device was DTS-DPS [44] . The photo-physical characteristics of the molecules are λ max of 423 nm. The calculated PLQY in DPEPO host was 80% and τ d was to be 540 μs. The ΔE ST was 0.32 eV. They suggested that for small ΔE ST , the energy gap between 3 LE and 3 CT must be small, and the rIC occurs from 3 LE to 3 CT which was followed by rISC to 1 CT and similar results were seen in other derivatives. In a similar approach, Dias et al. proposed a mechanism to understand the mechanism of rISC in such type of molecules [45] . The results suggested that rISC mechanism is still possible if the ΔE ST is greater than 0.3 eV. They studied a molecule DTC-DBT (Figure 6) , where the ΔE ST is 0.35 eV, but in the molecule, it is possible to harvest 100% triplet excitons. According to the authors, the presence of heteroatom loan pairs form "hidden" 3n-π* state sandwiched between higher CT. In similar study, Chen et al. [46] demonstrated the importance of" non-adiabatic effects in butterfly donor-acceptor-donor molecules" DTC-DBT, and suggested that upon the rotation of D-A groups, a conical intersection (C 1 ) between long-lying excited states and at C 1 "the non-adiabatic coupling matrix element between two excited stated becomes infinite, which is proportional to the RISC rate." This was further supported by Etherigton et al. [47] .
Adachi et al. [48] reported deep blue emitters DMOC-DPS (Figure 6 ) with the ΔE ST of 0.21 eV. The calculated PLQY in DPEPO host at 10 wt% was 80% along with measured τ d of 114 μs and the device ITO/a-NPD (30 nm)/TCTA (20 nm)/CzSi (10 nm)/ DMOC-DPS:DPEPO (20 nm)/ DPEPO (10 nm)/TPBI (30 nm)/LiF (0.5 nm)/Al showed an EQE of 14.5%. They further reported another blue TADF DMAC-DPS with the absorbance of 464 nm. The PLQY in mCP host was 80%, and τ d was 3.1 μs. For this DMAC-DPS, the experimentally calculated ΔE S was very low and was 0.08 eV. The fabricated device performed at an excellent EQE of 19.5% [44] , where the reduced ΔE ST is a result of higher It is very important to design the geometry of TADF molecule to induce TADF process, to counter this, Rajmalli et al. [49] reported novel blue TADF emitters based on benzoylpyridine acceptor DCBPy and DTCBPy, in DTCBPy (Figure 6 ) a tert-butyl group is present. Upon photo-physical characterization, the second molecule DTCBPy showed a small redshift in emission by 4 nm. The ΔE ST was smaller in both emitters, and was 0.07 and 0.08 eV in DCBPy and DTCBPy, respectively. The calculated PLQY in host matrix was 88 for DCBPy and 91% for DTCBPy. The PLQY in the solid state was 91% compared to lower 14-36% in solution. The device exhibit sky-blue and green emission. The EQEs was 24.0% CIE (0.17, 0.36) and 27.2% CIE (0.30, 0.64) for DCBPy and DTCBPy, respectively. The efficiency roll-off was low at practical brightness level.
In 2015, Kim et al. [50] synthesized two new blue TADF emitters DCzTrz and DDCzTrz (Figure 6) , where "two additional carbazole moieties attached to phenyl ring in a meta fashion" in DDCzTrz and as "meta linkage" both emitters have similar emission as well as ΔE ST .
The photo-physical characteristics of both molecules are absorbance maximum of 420 and 430 nm. The calculated PLQY for both emitters was 43 and 66%, respectively. The smaller ΔE ST 0.25 eV for DCzTrz and 0.27 eV for DDCzTrz. The OLED using DDCzTrz showed an excellent EQE of 18.9% but in the device, the LT80 (time required to drop 80% luminescence) was 52 h, three-time longer than conventional blue phosphorescent Iridium complex. It is due to first stabilization through carbazole moiety, secondly, stable positive carbazole and negative triazine excited state pair, and thirdly excellent glass transition temperature for both 160
for DCzTrz and 218°C for DDCzTrz give the stability to the device. But the device composed of DCzTrz was stable only for 5 h and this caused due to the high emission of the molecule. Upon modification of DCTrz through the addition of more carbazole donors, they synthesized another three molecules TCzTrz, TmCzTrz, and DCzmCzTrz (Figure 6 ). Where calculated PLQY was 100% in DPEPO host, and the ΔE ST was 0.16, 0.07, and 0.20 eV, respectively [51] . It was found that in TCzTrz the ΔE ST is lower by 0.09 eV compare to DCzTrz. The device composed of TCzTrz showed an excellent EQE of 25.5%, while TmCzTrz and DCzmCzTrz showed EQE of 25.3 and 21.3%, respectively.
In another study, Lin et al. demonstrated [52] a novel triazine-based blue TADF emitter named spiroAC-TRZ (Figure 6 ) which showed photo-physical characteristics of calculated PLQY of 100% in 12 wt% mCPCN host, τ d of 2.1 μs. The experimentally calculated ΔE ST was very small and to be 0.07 eV. The device ITO/ MoO3/TAPC/mCP/12 wt% spiroAC-TRZ:mCPCN/3TPYMB/ LiF/Al an EQE of 37%, which is highest among the reported blue TADF. In a similar approach, Komatsu et al. [53] reported three novel deep blue TADF (Figure 6 ).
Ac-RPMs, on the modification of triazine acceptor to pyrimidine. All the compounds exhibited similar photo-physical properties i.e. PLQY of 80%, τ d of 26.2 μs in a host matrix at 10 wt% in DPEPO and the calculated ΔE ST was 0.19 eV for Ac-MPM, and the OLEDs showed an EQE of 24.5% and CIE coordinates of (0.19, 0.37), interestingly the turn-on voltage vas very low and was 2.80 V, such device can be used for highly efficient light devices. Solution-processed TADF materials was reported by Cho et al. [55] , they synthesized two blue TADF emitters named 3CzFCN and 4CzFCN (Figure 6) , showing photo-physical characteristics of calculated PLQY in 10 wt% diphenyldi(4-(9-carbazolyl)phenyl)silane (SiCz) host at 10 wt%, and was 74% for 3CzFCN and 100% for 4CzFCN, while the experimentally calculated small ΔE ST of 0.06 eV for both emitters. The λ max was 440 and 460 nm, respectively. The fabricated device with 4CzFCN emitter showed an excellent EQE of 20% with CIE coordinates of (0.16, 0.26), the device structure was ITO/PEDOT:PSS/PVK/15 wt%4CzFCN:SiCz/TPBI/LiF/Al.
In another study, very recently, Hatakeyama et al. [56] demonstrated synthesis of boronbased acceptor TADFs. They synthesized TADF emitters DABNA-1 and DABNA-2 ( Figure 6 ) showing ΔE ST of 0.18 and 0.14 eV, respectively. The λ max was 460 and 469 nm, while calculated PLQY in mCBP host at 1 wt% was 88 and 90%. The device fabricated with DABNA-2 emitter showed an excellent EQE of 20.2%. In such boron based TADFs, the ΔE ST is very low, this is due to the presence of strong LUMO localization called as "multiple resonance effect", induced by boron atom. The PLQY in solid state is 87-100%, which makes boron based TADF emitter a potential candidate for blue TADFs.
Green-yellow TADFs
Among various TADF emitters, plenty of them are the green-yellow emitter and most those green to yellow emitters are based on cyano-based acceptors. The molecular design of these cyano-based emitters is based "on the presence of a twisted conformation of donor carbazoles with respect to phthalonitrile plane" to confer the HOMO-LUMO separation and result to lower ΔE ST . These cyano-based green TADF emitters are classified in three categories: (a) monomeric series with orthosteric hindrance, (b) homoconjugation series, and (3) dimeric emitters. In monomeric emitters, ΔE ST is very small and high PLQY yield. In homoconjugation series, the HOMO and LUMO separation is easily achievable but lower PLQY yield and in dimeric series the ΔE ST is very higher i.e. 0.11-0.21 eV. The first green emitter was reported by Adachi et al. [38] in 2012, 4CzIPN (Figure 7) , exhibiting ΔE ST of 0.08 eV. The calculated PLQY in CBP host was 82% and τ d of 3370 μs and the device showed excellent 19.3% EQE.
In the similar contest, Taneda and co-workers [57] synthesized a highly efficient green TADF emitter 3DPA3CN (Figure 7) and it showed PLQY of 100% in solid state and 100% triplet harvesting via rISC mechanism. The molecule showed photo-physical characteristics of absorbance of 533 nm. The calculated PLQY of 6 wt% thin film in DPEPO host matrix was 100% while the τ d was 550. The ΔE ST was to be small 0.10 eV and is due to the strongly localized molecular geometry the HOMO and LUMO, which gives the small separation between HOMO and LUMO. The fabricated device ITO/α-NPD/mCBP/6 wt% TADF emitter:DPEPO/ TPBI/LiF/Al) shows an excellent EQE of 21.4% with EL max at ≈540 nm. In another study, Xiang et al. [58] reported a triazine based acceptor along with phenoxazine as donor and synthesized a yellow TADF emitter TPXZ-as-TAZ (Figure 7) with very low ΔE ST of 0.03 eV. The molecule showed excellent EQE of 13%. The calculated PLQY in 1.5 wt% thin film in host CBP was 53% while the calculated τ d was to be 1.10 μs. The λ max for emitter was 555 nm.
Tang et al. revealed the strategy to synthesized solution processed green TADF emitters [59] . They synthesized emitter 4CzCNPy (Figure 7 ) which has small ΔE ST of 0.07 eV. The λ max for emitter was 560 nm. The calculated PLQY was quite low in toluene with a value of 55% and τ d calculated of 8.4 μs. The fabricated device ITO/PEDOT:PSS/8 wt% TADF emitter:mCP/ TmPyPB/LiF/Al showed EQE of 11.3% and CIE coordinate was (0.34, 0.59). They suggested that without cyano group the TADF emission could not be observed in the molecule along with enhancement to the PLQY. In this molecule, the emission is dominated by 1 CT state to reduce the n-π* quenching of the 4CzPy group.
Apart from Cyano-based green TADF emitters, many researchers reported TADF emitters based on 1,2,5-triazine acceptor (TRZ). Tanaka and co-workers [60] reported in 2012 a TADF emitter PXZ-TRZ (Figure 7) with a small ΔE ST exhibiting λ max : near 540 nm. The calculated PLQY of the thin film in 6 wt% CBP was 66%, while τ d was 0.68 μs. The twisted structure of the phenoxazine can easily be achieved and induces the charge transfer, results to a small ΔE ST of 0.07 eV. In such molecule, the dihedral angle between donor and acceptor is 74.9, which helps to localize the HOMO and LUMO for efficient TADF exhibition. The device was fabricated using the emitter ITO/α-NPD/6 wt% TADF emitter:CBP/TPBi/LiF/Al showed EQE of 12.5%. Adachi et al. [61] also reported anther green emitter based on TRZ acceptor, 3ACR-TRZ (Figure 7) , with a small ΔE ST of 0.02 eV which can be solution processed. It exhibits the Photo-physical characteristics of λ max of 504 nm. The calculated PLQY in 16 wt% CBP was near a unit value of 98% and τ d of 6.7 μs in Host matrix, while in device ITO/PEDOT:PSS/16 wt% TADF emitter:CBP/BmPyPhB/Liq/Al, the EQE was 18.6% along with EL max at 520 nm.
In 2014, Wang et al. reported [62] sulfone-based acceptor green TADF emitters. They synthesized two green TADF emitter named TXO-PhCz and TXO-TPA (Figure 7) . The photo-physical characteristic of these molecules is λ max of 520 nm, calculated PLQY of thin film was 90% in 5 wt% mCP, and a small ΔE ST value of 0.07 eV for TXO-PhCz and λ max of 580 nm, the PLQY of thin film was 83% and even smaller ΔE ST 1,3,4-Oxadiazole was used to synthesized green TADF emitter and these emitters are most commonly used for the applications. Three new green TADF emitters were synthesized by Lee et al. [63] . The three emitters were PXZ-OXD, PXZ-TAZ, 2PXZ-OXD, and 2PXZ-TAZ (Figure 7) . In emitters, the D-A moieties, where the donor was phenoxazine group while the acceptor was 1,3,4-oxadiazole and 1,2,4-triazole. In molecules, the PLQY was calculated in a host material and the PLQY was high in donor-acceptor-donor 2PXZ-OXD and 2PXZ-TAZ with high rISC compare to donor-acceptor PXZ-OXD and PXZ-TAZ molecules. The best device showed an EQE of 14.9% with emitter as 2PXZ-OXD. The emitter exhibit photo-physical characteristics of λ max of 517 nm, PLQY yield was 87%, τ d of 520 μs in 6 wt% DPEPO and the ΔE ST of 0.15 eV and the fabricated device structure was ITO/NPD (30 nm)/mCP (10 nm)/6 wt% TADF emitter: DPEPO (15 nm)/DPEPO (10 nm)/TPBi (40 nm)/ LiF (0.8 nm)/Al (90 nm).
Many groups reported various green TADF based on different donor and acceptor molecules. The more significant are focused here.
Conclusions and outlook
Past few years have witnessed tremendous development in the field of organic electronics and especially in synthesis of organic light emitting materials which helped to boost the cost reduction of OLEDs and performance enhancement. The potential inexpensive synthesis methods, OLEDs fabrication process, flexibility and lightweight make them one of the promising materials for energy devices. A large number of phosphorescent and fluorescent organic materials have been already synthesized for their use in OLEDs. Recently, TADF materials have been introduced in OLEDs fabrication to achieve 100% IQE and high EQE, which can be achieved near 50%.
The actual development of organic TADF emitters achieves a status that surpasses a simple curiosity. The new OLED framework based on highly efficient TADF materials opens a new field of applications for display and lightening. These materials, based on separated donor-acceptor moieties in one molecule, leads to a unique luminescent process of a triplet harvesting in the excited state with a further huge increase of internal efficiency up to the 100% limit. This simple way to tailored pure organic emitters is really one of the most recent advances in chemistry and OLEDs filed. Achieving very high external efficiencies without using an expensive and rare transition metals, puts the organic emitters towards new possibilities. Particularly important is the application in lighting from large area emitters, a field that is until now, a technological problem. The possibility to have a full range color emitters with high efficiency (as shown, and particularly in blue) is also an outstanding achievement towards a new device design and application, particularly in white emission. Nevertheless, improving the efficiency towards the theoretical efficiency limit, can only be achieved with a deep understand of the TADF process in these organic molecules. This is due to the fact that the interactions between energy levels of TADF emitter and the host can condition the emission due to the TADF process itself as referred before. Thus, the next steps must be focused on the physical models for this rISC pathway and the relationship with the molecular structure. In the OLEDs point of view, the design of reliable host materials that fulfills the requirements needs to allow an efficient luminesce emission form the TADFs. A new era is opened.
TADFs have been studied and used for OLEDs so far, and this field is relatively young but it has developed significantly during the past 5 years. By the incorporation of TADFs 40-50% EQE can be achieved. However, at the present stage despite of numerous characterization techniques to understand the TADF behavior, more rigorous efforts are required for their understanding and use for commercially production. The fabrication cost of the OLEDs based on TADF emitter should be less to make them major candidate in both display and lightening industry and the cost is critical. To reduce the cost, it is necessary to develop solution processed OLED fabrication methods and synthesis of polymeric or dendrimeric TADF emitters. These TADFs have already been found a significant role in next-generation displays and lightning materials and their use can only be realized as their synthesis characterization and device fabrication progresses. 
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